The SH3-SH3-SH3-SH2 adapter protein Nck links receptor tyrosine kinases, such as EGF and PDGF receptors, to downstream signaling pathways, among which p21 cdc42/rac -activated kinase cascade, Sos-activated Ras signaling and the human Wiskott-Aldrich Syndrome protein (WASp)-mediated actin cytoskeleton changes, have been implicated. In EGF stimulated cells, Nck coimmunoprecipitates with a number of phosphotyrosine proteins including the EGF receptor (Li et al., 1992 Mol. Cell. Biol. 12: 5824 ± 2833). To identify the phosphotyrosine protein(s) that directly interacts with Nck and to distinguish it from indirectly associated proteins, preexisting phosphoytrosine protein complexes in the cell lysate were dissociated by heat and SDS prior to the test for binding to Nck. We found that Nck does not directly bind to EGF receptor, instead it binds via its SH2 domain to a 62 kDa phosphotyrosine protein. We present evidence demonstrating that the Nck-bound p62 is related to the previously identi®ed GTPase-activating protein (GAP)-associated phosphotyrosine protein p62.
Introduction
Src-homology (SH) domains (i.e. SH2 and SH3 domains) play a crucial role in linking protein tyrosine phosphorylation to diverse signaling pathways. SH2 domains bind phosphotyrosine moieties (Pawson, 1995) . SH3 domains, which often accompany SH2 domains, recognize proline-rich sequences in target proteins (Alexandropoulos et al., 1995; Mayer and Baltimore, 1993; Pawson, 1995) . Adapter proteins, including Crk, Nck and Grb2, are composed almost exclusively of SH2 and SH3 domains and lack any enzymatic or other functional activities (Mayer and Baltimore, 1993; Pawson, 1995) . This group of proteins acts by coupling receptor tyrosine kinases via SH2 domains to downstream eectors through SH3 domains (Pawson and Schlessinger, 1993) . For example, the SH3-SH2-SH3 adapter protein Grb2 links EGF receptor to Ras by binding to the activated EGF receptor via its SH2 domain and associating with Sos, a guanine nucleotide exchange factor for Ras, through its SH3 domains. As a result, Sos is translocated to the plasma membranem, where it activates Ras (Pawson and Schlessinger, 1993; Schlessinger, 1994) .
The cDNA for the human Nck was ®rst isolated from a cDNA expression library made from human melanoma cells (Lehmann et al., 1990) and expression of its mRNA and protein product has been detected in a wide variety of tissues and cell lines (Lehmann et al., 1990; Li et al., 1992) . The deduced sequence of 377 amino acids revealed three consecutive SH3 domains at the N-terminus and a single SH2 domain at the Cterminus (Lehmann et al., 1990) . A mouse homologue of Nck shares *65% identity in both nucleotide and amino acid sequences with its human counterpart (Li et al., 1992, H She and W Li, unpublished) . A wide range of extracellular stimuli, including EGF, PDGF-BB, NGF, IgE and insulin, stimulates phosphorylation of Nck on serine and tyrosine residues (Chou et al., 1992; Li et al., 1992; Meisenhelder and Hunter, 1992; Park and Rhee, 1992) . Nck is associated with tyrosine phosphorylated EGF and PDGF receptors, and with the insulin receptor substrate-1 (IRS-1), following the cognate ligand stimulation Lee et al., 1993) . For the human PDGF b-receptor, the SH2 domain of Nck shares the binding site tyr-751 with the N-terminal SH2 of the p85 subunit of phosphatidylinositol-3 kinase (PI-3-K) . Elevated expression of the human Nck transforms cultured ®broblast cells and the latter can lead tumor formation in nude mice (Chou et al., 1992; Li et al., 1992) . While the function of Nck in mammals is unclear, mutations in the Drosophila gene dock, which is structurally related to Nck, disrupted the photoreceptor cell (R cell) axon guidance and targeting (Garrity et al., 1996) , suggeting that Nck links the receptor tyrosine kinase to actin cytoskeleton.
In contrast to Grb2, several lines of experimental evidence suggest that Nck does not signal through the Ras-ERK signaling pathway. SH2 and SH3 mutants of Nck showed no eect on oncogenic Abl tyrosine kinase-induced MAPK (ERKs) activation, whereas Grb2 and Crk mutants blocked MAPK activation under these conditions (Tanaka et al., 1995) . Overexpression of the human Nck in rat adrenal pheochromocytoma cells (PC12) blocked nerve growth factor (NGF) and basic ®broblast growth factor induced growth arrest and neurite outgrowth. In these cells, Nck did not, however, interfere with the EGFand the NGF-stimulated Ras and MAPK activation (Rockow et al., 1996) . On the other hand, it has also been reported that overexpression of Nck activated the c-fos promoter in a Ras-dependent manner in NIH3T3 cells, in which a stable complex of Nck and mSos was detected (Hu et al., 1995) . The reason for this discrepancy among the above independent studies remains unknown. Several potential downstream targets, which bind to SH3 domains of Nck, have been indicated. The Abl protein tyrosine kinase was the ®rst to be indicated to bind SH3 domains of Nck in vitro (Ren et al., 1994) . A novel serine/threonine kinase NAK (Nck-associated kinase) was identi®ed by coimmunoprecipitation followed by in vitro kinase assay (Chou and Hanafusa, 1995) . This 65 kDa kinase is most likely related to the p21 cdc42/rac -activated kinase (PAK1) (Manser et al., 1994) , since both NAK and PAK1 have the similar molecular weight and both bind to the second SH3 domain of Nck in vitro (Chou and Hanafusa, 1995; Bagrodia et al., 1995) and in living cells (Bokoch et al., 1996; Galisteo et al., 1996) . Activation of PAK1 appears to activate the Jun kinase (JNK) pathway. PRK2, a newly identi®ed protein related to the Rho eector PKN, also binds to the middle SH3 domain of Nck . PRK2 binds Rho in a GTP-dependent manner and cooperates with Rho to induce SRF (serum response factor) mediated transcription . Using puri®ed GST-Nck SH3 fusion protein as a probe to screen cDNA expression libraries, Rivero-Lezcano et al. have isolated two previously identi®ed genes, the proto-oncogene c-cbl (RiveroLezcano et al., 1994) , a cellular homologue of the transforming protein of the murine Cas NS-1 retrovirus in B cell and myeloid tumors, and the human Wiskott-Aldrich Syndrome (WAS) (Rivero-Lezcano et al., 1995) . Nck co-immunoprecipitates with c-cbl and Wiskott-Aldrich Syndrome protein (WASp) and is able to bind these proteins in vitro via its SH3 domains. WASp has been reported as a downstream eector of the small GTPase CDC42Hs, which regulates actin polymerization (Symons et al., 1996) . However, an independent study showed that mutants of CDC42Hs and Rac, which no longer bind WASp, were still able to induce the actin cytoskeleton organization (Lamarche et al., 1996) .
Following growth factor stimulation, Nck has been found in complexes with a number of phosphotyrosine proteins including the receptor tyrosine kinases Nishimura et al., 1993) . However, except for the receptors, identity of the other Nck-associated phosphotyrosine proteins remains unknown. More importantly, whether or not all these phosphotyrosine proteins directly interact with Nck or they associate with Nck indirectly through intermediate proteins was poorly understood. Identi®cation of Nck-directlyassociated molecules in various conditions is essential for understanding the mechanism of Nck action. We demonstrate here that the p120 GTPase-activating protein (GAP)-associated p62 is the major phosphotyrosine protein which Nck directly binds in the EGFstimulated cells.
Results
Nck directly binds to a p62 phosphotyrosine protein in EGF-stimulated NIH3T3 cells Nck has previously been shown to be phosphorylated on tyrosine and co-immmunoprecipitated with the EGF receptor in EGF stimulated cells . To further study mechanism of Nck signaling in cells in response to EGF, we ®rst examined the phosphotyrosine proteins which either co-immunoprecipitate with Nck or bind to puri®ed SH2 domain of Nck in vitro. It is shown in Figure 1a that anti-Nck antibody co-immunoprecipitated several phosphotyrosine proteins including the EGFR, a 110 kDa, and 85 kDa and a 62 kDa proteins, which showed increased phosphorylation on tyrosine in EGF treated HER14 cells (lanes 1 and 2). The SH2 domain of Nck (GST-Nck-SH2 fusion protein) was able to bring down several EGF-stimulated phosphotyrosine proteins, including the EGFR, a 100 kDa, a 70 kDa, a 62 kDa and 57 kDa proteins (lanes 3 and 4). Since our solubilization condition preserves pre-existing protein complexes, association of the phosphotyrosine proteins with Nck could be either direct interactions between their phosphotyrosyl groups and the SH2 domain of Nck or indirect binding through intermediate molecules. Our goal was to identify the phosphotyrosine protein(s) which SH2 domain of Nck directly binds. In order to distinguish a direct binding from indirect associations, GST-Nck-SH2 beads were incubated with cell lysates, which has been subjected to heat and SDS denaturation (It dissociates the pre-existing protein complexes) and then diluted by Triton X-100 buer to neutralize subsequent interfering eects of SDS on protein-protein interactions (Materials and methods). The procedure of the heat and SDS denaturation did not appear to alter the pro®le of the phosphotyrosine proteins, in comparison to the Triton X-100 cell extract (Figure 1b , lanes 3 and 4 vs lanes 1 and 2). However, in the denatured cell lysate only the protein(s), which is able to directly interact with Nck, will be detected. It is shown in Figure 1c that in non-denatured (N-De) cell lysate, several phosphotyrosine proteins including the EGFR were bound by GST-Nck-SH2 beads (lanes 1 and 2). In denatured (De) cell lysate, the GST-Nck-SH2 beads bound predominantly to a 62 kDa phosphotyrosine protein (now termed p62) (lanes 3 and 4). To test if such predominant binding to p62 was real or some artifact resulting from the denaturation procedure, we tested the binding of GST-GRB2-SH2 to phosphotyrosine proteins in either Triton X-100 lysate or the heat and SDS denatured lysate of PDGF stimulated HER14 cells. It has been previously shown that GRB2 directly binds to two phosphotyrosine proteins in PDGF stimulated cells, the PDGF receptor and SHP-2 (Li et al., 1994; Arvidsson et al., 1994) . Consistent with the previous reports, GST-GRB2-SH2 precipitated mainly the PDGF receptor and the p70 SHP-2 in the Triton X-100 cell extract (lane 6), and strongly to the SHP-2 but weakly to the PDGF receptor in heat and SDS denatured cell extract (lane 8). The latter was likely due to the fact the tyrosine 716 in the PDGF receptor is only weakly phosphorylated in response to PDGF. To con®rm that the p62, coimmunoprecipitated by anti-Nck antibody, is the same p62 bound by GST-Nck-SH2, membrane overlay experiment in which anti-Nck immunoprecipitates were resolved by SDS gel, transferred to nitrocellulose and GST-Nck-SH2 bead precipitates (lanes 3 and 4) of lysates of untreated or EGF-treated (500 ng/ml, 2 min) HER14 cells were subjected to Western blot analysis using anti-PY antibodies. (b) Contents of tyrosine phosphorylated proteins in non-denatured (NDe) (lanes 1 and 2) and heat-and-SDS denatured (De) (lanes 3 and 4) cell lysates were analysed by anti-PY immunoblot. (c) Nondenatured (N-De) (lanes 1, 2, 5 and 6) and heat-and-SDS denatured (De) (lanes 3, 4, 7 and 8) cell lysates were incubated for 2 h at 48C with GST-Nck-SH2 (2 mg) (lanes 1 ± 4) or GAT-GRB2-SH2 (lanes 5 ± 8). Following washing, the bound phosphotyrosine proteins were detected by Western blot analysis using anti-PY antibodies. (d) GST-Nck-SH2 beads were incubated with denatured lysates of HER14 cells treated without (7) or with either EGF (lanes 2 and 5) or PDGF (50 ng/ml, 5 min) (lanes 3 and 6), and the bound phosphotyrosine proteins analysed by anti-PY immunoblotting. Total denatured cell lysates (TL, lanes 4 ± 6) were included as controls for the eectiveness of EGF and PDGF stimulation. (e) The denatured lysates of EGF-stimulated cells were incubated with either GST alone (lane 1), GST-full length Nck (lane 2) or GST-fusion proteins containing various domains of Nck (lanes 3 ± 5).
The bound p62 protein was examined by anti-PY immunoblotting. Results were visualized by incubating with [
125 I]protein A followed by autoradiography membrane and blotted with puri®ed GST-Nck-SH2. The p62 was the only band recognized by GST-Nck-SH2 (data not shown).
When we compared eects of EGF and PDGF stimulation on tyrosine phosphorylation of the p62 in HER14 cells (Figure 1d ), it was found that tyrosine phosphorylation of p62 (lanes 4, 5 and 6) and its association with GST-Nck-SH2 (lanes 1, 2 and 3) were signi®cantly less in the PDGF-stimulated cells (lanes 3 and 6) than in the EGF-stimulated cells (lanes 2 and 5), indicating a substrate speci®city between the EGF receptor and the PDGF receptor in the same cell line. To con®rm the binding speci®city of the p62 to SH2 domain of Nck, GST fusion proteins containing various domains of Nck were screened in an in vitro binding assay. It is shown in Figure 1e that SH2 domain of Nck alone binds an equal amount of p62 as the full-length Nck does (lane 4 vs lane 2). The three SH3 (3SH3) domains of Nck (lane 5) and GST alone (lane 1) did not bind the p62. In conclusion, the p62 phosphotyrosine protein appeared to be the major direct target for the SH2 domain of Nck in the EGF stimulated cells. To further identify the p62 protein and to avoid the rest of Nck-indirectly-associated phosphotyrosine proteins, we carried out following experiments (unless indicated) using heat and SDS denatured HER14 cell lysates.
GAP-SH2-bound and Nck-SH2-bound p62 proteins co-migrate in SDS ± PAGE
We screened SH2 domains from several known signaling proteins including the p85 subunit of PI 3-kinase, SHC, GRB2, PLCg and GAP (both the C-and N-terminal SH2 domains) for binding to the p62. GST fusion proteins containing the various SH2 domains, which were immobilized on glutathione agarose beads, were incubated with denatured lysates of EGFstimulated HER14 cells. The beads were washed and the bound phosphotyrosine proteins detected by Western blot using anti-PY antibodies. It is shown in Figure 2 that GST-Nck-SH2 bound the p62 from the EGF-stimulated (lane 2) but not unstimulated (lane 1) cells. While a very weak binding to the p62 by the SH2 domains of the p85 (lane 4) and SHC (lane 7) was also observable, no binding of the p62 to GST-PLC-g-2SH2 (lane 5), GST-GRB2-SH2 (lane 6), the SH3 domains of Nck (lane 3) or GST alone (lane 10) was detected. GRB2-SH2 bound strongly to the tyrosine phosphorylated EGF receptor under these conditions (lane 6), consistent with the previous reports (Lowenstein et al., 1992; Batzer et al., 1994) . Interestingly, both the Cand the N-terminal SH2 domains from the GTPaseactivating protein p120 GAP or GAP1 bound strongly to a p62 phosphotyrosine protein, which co-migrated with the Nck-SH2-bound p62 (lanes 8 and 9 vs lane 2). This GAP-bound p62 phosphotyrosine protein is the previously reported GAP-associated p62 (Ellis et al., , 1995 Moran et al., 1991) . Consistent with previously published results, the N-terminal SH2 of GAP (GAP-N'-SH2) bound stronger to p62 than the C-terminal SH2 of GAP (GAP-C'-SH2), and GAP-N'-SH2 also bound the EGF receptor (lane 9) (Ellis et al., 1995) . These data suggested to us that the Nck-SH2-bound p62 is related to the previously-identi®ed GAPassociated phosphotyrosine protein p62.
GAP-SH2 domans compete with Nck-SH2 for binding to p62
To test the possibility that the Nck-associated p62 is related to the GAP-associated p62, we carried out preclearance experiments to examine if Nck and GAP bind to the same p62. Denatured lysates of EGFstimulated HER14 cells were preincubated with increasing amounts of either GST-GAP-C'-SH2 or GST-GAP-N'-SH2 fusion proteins immobilized on glutathione agarose beads. After removal of the GST-GAP-SH2 beads, the supernatants were incubated with GST-Nck-SH2 beads. Both the GAP-SH2 and the Nck-SH2 beads were washed and the bound phosphotyrosine proteins analysed by Western blot analysis using anti-PY antibodies. It is shown in Figure 3a that the amounts of Nck-SH2-bound p62 declined in the GAP-C'-SH2 bead-precleared lysates in a dosedependent manner (lanes 1 ± 4). Accordingly, the GAP-C'-SH2 beads retained the corresponding amounts of the p62 (lanes 5 ± 7). Similar results were obtained with GST-GAP-N'-SH2 beads. It is shown in Figure 3b that the GST-Nck-SH2-bound p62 was almost undetectable in the lysates precleared with as little as 5 mg of GST-GAP-N'-SH2 on beads (lane 2). Accordingly, the decreased portion of the Nck-SH2-bound p62 coincided with the increased amounts of the GST-GAP-N'-SH2 bound p62 (lanes 5 ± 7). GAP-C'-SH2 only bound the p62 in the lysates (Figure 3a , lanes 5 ± 7), whereas GAP-N'-SH2 bound both p62 and the EGF receptor (Figure 3b , lanes 5 ± 7), consistent with Figure 2 Nck-bound and GAP-bound p62 proteins co-migrate in SDS ± PAGE. Denatured lysates of either unstimulated (7) (lane 1) or EGF-stimulated (+) (lanes 2 ± 10) HER14 cells were incubated with glutathione agarose beads containing either GST alone or the various GST-SH2/SH3-containing signaling molecules indicated (5 mg each, 2 h at 48C). Following washing, the bound phosphotyrosine proteins were detected by immunoblotting using anti-PY antibodies. Results were visualized by incubating with [ 125 I]protein A, followed by autoradiography. The lightly-stained bands in lanes 4 and 5 represent the GST-p85-2SH2 and GST-LPCg-2SH2 proteins used, respectively. Other GST fusion proteins used migrate below the 48 kDa protein standard the previous report (Ellis et al., 1995) . Preincubation with 45 mg of GST alone on beads had no eect on Nck-SH2 binding to p62 (data not shown). We also carried out competition experiments using puri®ed soluble GST-GAP-SH2 proteins. Addition of increasing amounts of soluble GST-GAP-C'-SH2 orGST-GAP-N'-SH2 to the lysates blocked the binding of Nck-SH2 beads to p62 (Figure 3c , lanes 2 ± 4 by GAP-C'-SH2 and lanes 5 ± 7 by GAP-N'-SH2) (The GSTNck-SH2 beads used here were saturated and could bind no more free GST proteins). Complete inhibition was achieved by 15 mg of GAP-C'-SH2 (lane 3) and by less than 5 mg of GAP-N'-SH2 (lane 5). These results indicated that; (1) Nck-bound and GAP-bound p62 were related; (2) GAP-N'-SH2 has either higher anity towards the p62 or more binding sites than the GAP-C'-SH2 and Nck in the p62 (as discussed later).
We also conducted reciprocal experiments to con®rm the notion that the Nck-bound p62 is related to the GAP-bound p62. Denatured lysates of EGFstimulated HER14 cells was precleared by GST-Nck-SH2 on beads and then incubated with either GST-GAP-C'-SH2 or GST-GAP-N'-SH2 beads. Both Nck-SH2-and the GAP-SH2-bound p62 was analysed by Western blot using anti-PY antibodies. It is shown in Figure 4a that the amount of GAP-C'-SH2-bound p62 declined in the lysates, which had been precleared with the increasing amounts of GST-Nck-SH2 on beads (lanes 1 ± 4) . Accordingly, the GST-Nck-SH2 beads bound the p62 in a dose-dependent fashion (lanes 5 ± 7). The amount of p62 bound to GAP-N'-SH2 beads also decreased in a dose-dependent manner in Nck-SH2-precleared cell lysates (Figure 4b, lanes 1 ± 4) . The decreased GAP-N'-SH2-bound p62 coincided with the increased amounts of p62 retained by GST-Nck-SH2 on beads (lanes 5 ± 7). The amounts of GAP-N'-SH2-bound EGFR, however, remained relatively unchanged before and after the preclearance by GST-Nck-SH2 beads (lanes 1 ± 4, as indicated by an arrow).
It was previously shown that soluble GST-GAP-SH2 (both GAP-N'-SH2 and GAP-C'-SH2) potently inhibited the binding of p62 to GST-Nck-SH2 ( Figure  3c ). Interestingly, when soluble GST-Nck-SH2 was added together with the GAP-SH2 beads to the lysates, signi®cantly higher amounts of GST-Nck-SH2 were required to inhibit p62 binding to either GAP-C-SH2 (Figure 4c, lanes 1 ± 4) or GAP-N-SH2 (lanes 5 ± 8) (Saturated GAP-C-SH2 and GAP-N-SH2 glutatione beads were used). Based on densitometry scanning results, 15 mg (lane 3) and 45 mg (lane 8) of the soluble GST-Nck-SH2 proteins were required to achieve 50% inhibition of the GAP-C'-SH2 and GAP-N'-SH2 binding to p62, respectively. Therefore, the relative order of the apparent binding ability towards p62 was GAP-N'-SH2 (high), GAP-C'-SH2 (medium) and Nck-SH2 (low), respectively. Since the molecular weights of the GST-SH2 fusion proteins were all under 40 kDa (smaller than both p120 GAP and p45 Nck), these results also suggested that the phosphotyrosine binding sites in p62 for the SH2 domains of GAP and Nck are close to each other, so that GAP (120 kDa) and Nck (45 kDa) could not simultaneously bind to the same p62 molecule.
Nck directly binds GAP-associated p62
To test if the SH2 domain of Nck is able to directly bind the GAP-associated p62, anti-GAP immunoprecipitates of an undenatured lysate of HER14 cells treated with or without EGF were resolved by an SDS gel, transferred to nitrocellulose membrane and incubated with puri®ed either GST alone or GSTNck-SH2 fusion protein (1 mg/ml). Membrane-bound GST fusion proteins were then recognized by incubating with an anti-GST antibody. It is shown in Figure  5a that puri®ed GST-Nck-SH2 recognized the p62 protein, which is co-immunoprecipitated by anti-GAP Included as a control, the GST-Nck-SH2-bound p62 was, as expected, also recognized by GST-Nck-SH2 protein on the membrane (lane 4). When duplicate samples were blotted with GST alone, no detectable p62 band was observed (Figure 5b ). Anti-GAP antibodies indeed recovered quantitatively both the p62 from the EGF stimulated cells (Figure 5c, lanes 2) and the GAP in both unstimulated and EGFstimulated cells (Figure 5c, lanes 3 and 4) .
Phosphopeptide mapping of the Nck-associated and the GAP-associated p62 proteins
To directly con®rm that the Nck-associated and the GAP-associated p62 proteins were identical, tryptic phosphopeptide maps of the p62 co-immunoprecipitated by anti-Nck or anti-GAP antibody from EGFstimulated 32 P-orthophosphate-labeled HER14 cells were compared. 32 P-labeled p62 proteins were resolved by SDS gel, re-extracted and subjected to tryptic digestion, as previously described . The tryptic phosphopeptides were analysed by electrophoresis (®rst dimension) followed by hydrophobic chromatography (second dimension) (2-D) on nitrocellulose thin layer chromatography (TLC) plates. It is shown in Figure 6 that trypsin digestion of the GAPassociated p62 protein generated some 13 phosphopeptides (top panel). A similar number and pattern of phosphopeptides were obtained in trypsin digest of the Nck-associated p62 protein (middle panel). The dierent degrees of separation among phosphopeptides between the top and the middle panels was due to variations in electrophoreses. To prove that the phosphopeptides from the GAP-associated p62 and from the Nck-associated p62 corresponded to each other, an equal portion (in c.p.m.) of the two dierent samples were mixed together prior to 2-D analysis. As shown in the lower panel in Figure 6 , the phosphopep- Nck directly binds to the GAP-associated p62. Lysates (undenatured) of unstimulated (7) or EGF-stimulated (+) HER14 cells were either immunoprecipitated with anti-GAP antibody (lanes 1 and 2) or precipitated with GST-Nck-SH2 fusion proteins on beads (lanes 3 and 4). The samples were resolved in an SDS gel, transferred to nitrocellulose membrane and blotted either with puri®ed GST-Nck-SH2 (1 mg/ml) (a) or with GST alone (1 mg/ml) (b). The membrane was incubated with anti-GST antibodies prior to incubating with [ tide map obtained from the mixture of the samples from the GAP-associated and the Nck-associated p62 proteins was identical to the peptide maps from individual samples (Lower panel vs the top and middle panels). These results further indicated that the Nck-bound p62 is identical to the GAP-associated p62.
Since both GAP and Nck co-immunoprecipitate with the p62 in response to EGF stimulation, an interesting question was if Nck and GAP associate with each other through the p62 protein or whether Nck and GAP bind independent pools of the p62 in cells. We carried out both co-immunoprecipitation and in vitro binding experiments. It is shown in Figure 7a that anti-Nck antibody co-immunoprecipitated a number of phospotyrosine proteins including the p62 and EGF receptor (lanes 1 and 2) , as previously shown in Figure 1a . However, GAP1 was not detected in the anti-Nck antibody immunoprecipitates (lanes 3 and 4) . Anti-GAP1 immunoprecipitates (lanes 5 and 6) and total cell lysates (lanes 7 and 8) were included as controls. In a reciprocal experiment in which the anti-GAP immunoprecipitates were immunoblotted with anti-Nck antiserum, no detectable Nck could be visible (data not shown). We also tested if GST-Nck-SH2 beads could bring down GAP1 in the cell lysate. It is shown in Figure 7b that, while the GST-Nck-SH2 beads eciently bound the p62 (lower panel) in both undenatured (N-De, lanes 1, 2 and 3) and the denatured (De, lanes 4, 5 and 6) lysates, no detectable GAP1 (upper panel) was found. Total lysate was blotted with anti-GAP1 antibodies and used as the control for GAP1 (lane 7). Moreover, following sequential (three times) anti-Nck immunoprecipitations (The recovery of the anti-Nck antibody #66 in immunoprecipitation was *75%), by which more than 95% of the Nck was removed, anti-GAP antibody immunoprecipitation was still able to co-immunoprecipitate similar amount of the p62 protein from the lysates (data not shown). Thus, we conclude that Nck and GAP associate with dierent pools of p62 in cells.
Discussion
The mechanisms of interaction between dierent tyrosine kinase receptors and a given adapter protein are dierent. Grb2 binds directly to the EGFR in EGF-stimulated NIH3T3 cells Li et al., 1994) . In the same cells stimulated with PDGF, Grb2 mainly binds to SHP-2, an SH2-containing protein tyrosine phosphatase (Li et al., 1994) . Through SHP-2, Grb2 becomes associated with the PDGFR. In contrast to Grb2, Nck binds directly to the phos- , but indirectly to EGFR , and in this paper). The biological signi®cance of these dierent mechanisms of interactions remains to be studied. In the current study, we have identi®ed a novel Nck-SH2-binding protein. We present evidence that Nck-bound p62 protein is identical to the GAP-associated phosphotyrosine protein p62. The Nck-bound p62 co-migrates with the GAP-associated p62 in SDS ± PAGE. Puri®ed SH2 domains from Nck and GAP compete with each other for binding to the p62. The SH2 domain of Nck is able to bind directly to the GAP-associated p62. Finally, tryptic phosphopeptide maps of the Nckassociated and GAP-associated p62 are identical. Thus, we conclude that the Nck-bound p62 is identical to the GAP-associated p62, and propose that p62 may mediate the interaction between EGFR and Nck.
It is intriguing to us that the GAP-associated p62 appeared to be the major phosphotyrosine protein which directly binds to the SH2 domain of Nck. This ®nding was not due to impaired, possibly caused by the denaturation procedure, ability of the other Nckassociated phosphotyrosine proteins to bind Nck, since under the same conditions GRB2 was able to bind the two previously reported proteins, SHP-2, and the PDGF receptor in response to PDGF (Li et al., 1994; Arvidsson et al., 1994) . Thus, Nck coimmuoprecipitated with the other phosphotyrosine proteins through p62 and p62-associated proteins. These phosphotyrosine proteins either bind directly to p62 or associate with p62-bound proteins. For example, a number of phosphotyrosine proteins have been shown to bind the EGF receptor, which, therefore, can be co-immunoprecipitated through the EGF receptor binding to p62. On the other hand, it should not be a surprise that all the other Nckassociated phosphotyrosine proteins bind directly to p62, which has more than ten potential tyrosine phosphorylation sites (Carpino et al., 1997; Yamanashi and Baltimore, 1997) . Our study suggests that Nck and GAP do not simultaneously bind to the same p62 in cells. First, sequential immunoprecipitations using anti-Nck and anti-GAP antibodies independently recovered p62. Second, we did not observe EGFstimulated association between GAP and Nck. Third, recombinant GST-Nck-SH2 and GST-GAP-SH2 fusion proteins were unable to precipitate GAP or Nck, respectively, from the EGF-stimulated cells. Since both Nck and GAP have previously been shown to associated with the activated EGFR (Anderson et al., 1990; Li et al., 1992; Margolis et al., 1990) , the data from our experiments implied that Nck and GAP may not even associate stoichiometrically with the same EGFR. Otherwise, Nck and GAP would be in the same complex with activated EGFR and co-immunoprecipitable by using anti-Nck or anti-GAP antibody. Nck-SH2 and GAP-SH2 competed strongly with each other in vitro for binding to p62, indicating again that a given p62 molecule binds to either Nck or GAP, but not both at the same time. The SH2 domains of GAP bound p62 much stronger than the Nck-SH2. This could be due to either higher anities of the GAPSH2s towards p62 or more GAP binding sites (totally six potential GAP binding sites) in p62 (Yamanashi and Baltimore, 1997) . Both GAP-C'-SH2 and GAP-N'-SH2 potently inhibited (*1 mM) the GST-Nck-SH2 binding to p62 (Figure 3c ). Nck-SH2, however, inhibited either poorly (410 mM) the GAP-C'-SH2 binding or did not inhibit the GAP-N'-SH2 binding to p62 (Figure 4c ). Second, GAP-N'-SH2 also blocked the binding of GAP-C'-SH2 to p62, whereas GAP-C'-SH2 had little eect on the binding of GAP-N'-SH2 to p62 (data not shown). Taken together, GAP-N'-SH2 has the strongest binding to p62, followed by GAP-C'-SH2 and Nck-SH2. Since Nck-SH2 and GAP-C'-SH2 competed with each other for binding to p62 ( Figures  3 and 4) , they may either share a same binding site or the two binding sites for Nck-SH2 and GAP-C'-SH2 are close enough to each other, so that occupation of either site prevents the binding to the other site in the p62. As mentioned previously, neither GST-Nck-SH2 nor the GST-GAP-C'-SH2 showed signi®cant inhibition of the GAP-N'-SH2 binding to p62 (Figures 3 and  4) , while the GST-GAP-N'-SH2 blocked the binding of both Nck-SH2 and GAP-C'-SH2 to p62 (Figures 3 and  4) . These results suggested to us that the binding site in the p62 for GAP-N'-SH2 was also likely close enough to those for Nck-SH2 and GAP-C'-SH2 so that the stronger binding by GAP-N'-SH2 may sterically prevent Nck-SH2 or GAP-C'-SH2 from binding to the same p62.
Conversion between the GDP-bound (inactive) and the GTP-bound (active) states of Ras (p21 Ras ) in cells is regulated by both guanine nucleotide exchange and GTPase-activating activities (Boguski and McCormick, 1993) . Guanine nucleotide exchange factors (GEFs) exchange Ras-bound GDP with GTP, whereas GTPase-activating proteins (GAPs) enhance the Ras intrinsic GTP-hydrolyzing activity, converting the active GTP-bound Ras to its inactive GDP-bound form. In EGF stimulated cells, GAP1 is tyrosine phosphorylated and associated, via its N-terminal SH2 domain, with the activated EGF receptor (Anderson et al., 1990; Margolis et al., 1990) . As a result, GAP1 is translocated to the plasma membrane and deactivates Ras (reviewed by Boguski and McCormick) . The tyrosine phosphorylation of GAP induces its association with two additional phosphotyrosine proteins p190 and p62 . The deduced amino acid sequence of the p190 showed that it has both rhoGAP-like sequence and Ras superfamily GTPase motifs, as well as a sequence homologous to the transcriptional repressor, GRF-1 (glucocorticoid receptor repression factor) (Settleman et al., 1992a) . The recombinant p190 indeed showed GAP activity for the rho family members (Settleman et al., 1992b) , suggesting that GAP-p190 complex may coordinate Ras and rho signaling pathways in cells in response to EGF. Cloning of a cDNA for GAP-associated p62 was also reported (Wong et al., 1992) . Deduced amino acid sequence of this cDNA showed that it was related to heterogeneous nuclear ribonucleoprotein (hnRNP), speci®cally GRP33 and the puri®ed protein bound DNA and mRNA (Wong et al., 1992) . However, recent independent studies led to the conclusion that the previously cloned p62 cDNA is actually the gene encoding for Sam-68, a mitotic substrate of Src protein tyrosine kinase (Lock et al., 1996) . Sam-68 does not associate with GAP and is not tyrosine phosphorylated in non-mitotic cells (reviewed in Courtneidge and Fumagalli, 1994) . Recently, two groups have indepen-dently identi®ed a 62 kDa phosphotyrosine protein, p62 dok (for downstream of tyrosine kinases), from human Mo7 cell line expressing p210 bcr-abl and v-abl transformed murine B cell line 1-2 (Carpino et al., 1997; Yamanashi and Baltimore, 1997) . The deduced amino acid sequence of the cDNA revealed that the p62 has a pleckstrin homology domain, multiple tyrosine phosphorylation sites for binding to SH2, PXXP motifs for binding to SH3 and a putative phosphotyrosine-binding domain (PTB) (Carpino et al., 1997; Yamanashi and Baltimore, 1997) . Among the ten potential tyrosine phosphorylation sites, six have YXXP motif for binding to rasGAP and one has YDEP for binding to Nck. More importantly, the tyrosine phosphorylated p62 is associated with the rasGAP. Neet and Hunter have previously shown that CSK tyrosine kinase binds directly, via its SH2 domain, to the GAP-associated p62 in vanadatetreated cells expressing an oncogenic Src (Neet and Hunter, 1995) . Thus, with the multiple features for binding to and being bound by phosphotyrosine proteins, the p62 protein likely acts as a docking molecule downstream of many protein tyrosine kinases.
Materials and methods
Human recombinant EGF and PDGF-bb were purchased from Intergen (Purchase, NY). Anti-phosphotyrosine (PY) antibody (#72) was a gift from B Margolis (University of Michigan, Ann Arbor). Anti-GAP monoclonal antibody for Western immunoblotting was purchased from Zymed Laboratories, Inc. (San Francisco, CA). Anti-GAP antisera for immunoprecipitation were either purchased from Upstate Bio-technology, Inc. (Lake Placid, NY) or a gift from Frank McCormick (Onyx Pharmaceuticals, Richmond, CA). Rabbit polyclonal anti-GST antibody was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-Nck antisera (#66) were generated as previously described . Anti-Grb2 antiserum and bacteria expressing GST (glutathione S-transferase)-Grb2 fusion proteins were kindly provided by Maria L Galisteo and Joseph Schlessinger (NYU Medical Center, New York (Honegger et al., 1987) were cultured in DMEM supplemented with 10% newborn calf serum and streptomycin and penicillin (50 units/ml). Subcon¯uent cells were starved in low serum (0.2%) medium for 16 h and treated with or without EGF (500 ng/ml) for 2 min or PDGF (50 ng/ml) for 5 min at 378C. Cells were solubilized in lysis buer (20 mM Trisbase, pH 7.25 at 48C, 50 mM NaCl, 50 mM sodium pyrophosphate, 30 mM NaF, 100 mM sodium orthovanadate, 5 mM ZnCl 2 , 2 mM iodoacetic acid, 1% Triton X-100 and 1 mM PMSF (freshly prepared) with or without 0.1% bovine serum albumin (BSA)). The post-nuclear extract (total lysate (TL), 10 000 g for 10 min at 48C) was either directly used for analyses or subjected to antibody immunoprecipitation (2 h at 48C). Immune complexes were precipitated by protein A-Sepharose (1 h at 48C), washed three times with the lysis buer without BSA and heated for 5 min at 958C in sample buer containing 0.5 M b-mercaptoethanol and 1% SDS. The supernatants were resolved by SDS-polyacrylamide gel electrophoresis (SDS ± PAGE), transferred to nitrocellulose membrane and immunoblotted by antibodies. The results were visualized by incubating with [ 125 I]protein A followed by autoradiography.
Dissociation of pre-existing protein complexes by heat and SDS denaturation
Cells in 10 cm tissue culture plates were washed two times with ice-cold PBS (phosphate-bued saline) and solubilized with 0.1 ml of the lysis buer, as described above. After centrifugation, SDS was added to the postnuclear extracts (®nal concentration 1%) and heated at 958C for 5 min. Iodoacetic acid (2 mM) was included in the buer to prevent arti®cial disul®de bond formation in vitro. Following this denaturing treatment, the preexisting complexes in the lysate were completely dissociated based upon co-immunoprecipitation assays and data not shown). To reduce SDS concentration in the cell extracts prior to antibody immunoprecipitation or GST-fusion protein binding, cell extracts were diluted with the Triton X-100 lysis buer with 0.1% BSA (bovine serum albumin), so that the ®nal detergent concentrations in the cell extract were 0.1% of SDS and 0.9% of Triton X-100. The post-nuclear cell extracts (following centrifugation, but prior to SDS and heat denaturation) were regarded as`total lysates' (TL) and used as controls.
In vitro binding using GST fusion proteins
Non-denatured or the heat and SDS denatured postnuclear extracts of HER14 cells, as described previously, were incubated for 2 h at 48C with indicated amounts of fusion proteins, immobilized on glutathione agarose beads. Beads were washed three times with ice-cold lysis buer and boiled in 16 sample buer. Supernatants were analysed by SDS ± PAGE and immunoblotting analysis. In preclearance experiments, cell extracts were ®rst incubated with dierent concentrations of a primary GST-fusion protein on beads, and, following removal of the primary GST-fusion protein beads, the cell extracts were incubated with a secondary GST-fusion protein on beads. Both the primary and the secondary bead-bound proteins were analysed by Western blot analysis. Competition experiments using soluble GST-fusion proteins were carried out as follows. Cell extracts were pre-incubated with 0, 5, 15 or 45 mg of the primary GST-fusion proteins for 10 min prior to addition of 5 mg of the indicated GSTfusion protein on beads and incubation proceeded for an additional 2 h at 48C. The bead-bound protein complexes were washed and analysed by SDS ± PAGE and Western immunoblotting analysis. All beads were saturated with the corresponding GST fusion proteins at 10 mg/ml beads prior to the binding assays, and, therefore, could longer bind the free soluble GST proteins which were added as competitors. The p62 phosphotyrosine protein was visualized using anti-PY antibody followed by binding to [
125 I]protein A and autoradiography.
Overlay experiment and tryptic phosphopeptide mapping
Anti-GAP antibody immunoprecipitates or GST-Nck-SH2 bead precipitates of the lysates of HER14 cells, stimulated with or without EGF (500 ng/ml) for 2 min, were resolved by SDS ± PAGE, transferred onto nitrocellulose membranes and blotted with puri®ed GST-Nck-SH2, GST-GAP-C'-SH2 or GST laone (1 mg/ml) for 1 h. Following incubation with anti-GST antibody and washing, the GSTNck-SH2 and GST-GAP-C'-SH2 bound p62 were visualized by labeling the anti-GST IgG molecules with 125 Iprotein A and autoradiography. Labeling cells with 32 P-orthophosphate was carried out using the previously described procedure (Li et al., 1991) . Two-dimensional tryptic phosphopeptide mapping of 32 P-labeled p62 protein bands was conducted as previously described .
Abbreviations
The abbreviations used are: JNK, Jun kinase; PAK1, p21 cdc42/rac -activated kinase; PLCg, phospholipase Cg; EGFR, epidermal growth factor receptor; PDGF, platelet-derived growth factor; WASp, Wiskott-Aldrich Syndrome protein; GST, glutathione-s-transferase; DMEM, Dulbecco's modi®ed Eagle's medium; PAGE, polyacrylamide gel electrophoresis; BSA, bovine serum albumin
